The presence of nitrogenous substances in wastewater discharges has attracted attention because of the role of nitrogen in eutrophication of receiving waters. Nitrogen removal is an important aspect of present day wastewater treatment processes. However, conventional nitrification-denitrification treatment is uneconomical and difficult to operate due to extremely slow nitrification and the necessity for separate nitrification and denitrification reactors. Recently, several novel aerobic denitrification processes have been developed for cost-effective biological nitrogen removal. These processes can reduce inorganic nitrate compounds to harmless nitrogen gas. Applications of aerobic denitrifiers in wastewater processing and NOx treatment are summarized. The effect of the C/N ratio and dissolved oxygen concentration on the denitrification activity are noted.
Introduction
In recent years, with the increase of industrial and agricultural pollution and soil erosion, nitrogen pollution has become increasingly serious. It will cause eutrophication of water bodies and may also cause harm to humans and animals. The biological nitrogen removal method is highly efficient and low-cost, and has become one of the economical and effective methods for sewage denitrification treatment. Biological nitrogen removal includes aerobic nitrification and anoxic denitrification. Traditional theory believes that the bacterial denitrification process is a strict anaerobic process. Most denitrifying bacteria still use dissolved oxygen as the final electron acceptor under low dissolved oxygen (0.1 mg/L) conditions, and nitrate and nitrite do not replenish, thus preventing the denitrification reaction. However, recent studies have shown that denitrification also exists under aerobic conditions. Since the first separation of aerobic denitrifying bacteria in the sulfur removal and denitrification treatment systems by Robertson et al. [1] in the 1980s, domestic and foreign scholars have successively isolated some aerobic denitrifying bacteria, aerobic denitrification. The reaction is beneficial to realize the simultaneous nitrification and denitrification process in the same bioreactor, which can greatly reduce the difficulty of biological treatment operation and operation cost, and shorten the treatment cycle. At present, there are many research reports on the theory and technology of biological nitrogen removal in polluted environment [2] , but there are not many studies on the application and influencing factors of aerobic denitrifying bacteria in environmental management. This article will study and explore it.
Applications of Aerobic Denitrification

Wastewater
In wastewater treatment, the nitrification step is often a bottleneck. The residence time in the nitrification unit is mainly determined by slow-growing nitrifiers [3] [4] . In view of its higher growth rate and ability to convert ammonia to nitrogen gas, use of aerobic denitrifiers provides an attractive alternative in wastewater treatment to simultaneously remove two priority pollutants viz. carbon and nitrogen. Aerobic denitrification has distinct advantages over traditional anoxic denitrification as follows [5] [6] [7] : (i) simplicity and low construction cost for simultaneous nitrification and denitrification in the one reactor; (ii) accelerated nitrification and denitrification, because the nitrifying products NO 2 --N and NO 3 --N can be the denitrifying reactant; (iii) less buffering is needed, as alkalinity generated during denitrification can partly compensate for the alkalinity destroyed in nitrification; (vi) no carbon removal step required before nitrification, no external carbon source needed for denitrification; (v) no acclimatization problems, as faced in a single stage oxic-anoxic system.
In a resent study [8] [9] , T. pantotropha mixed with activated sludge was shown to aerobically denitrify synthetic wastewater having NO 3 --N concentrations up to 425 mg/L. The hydraulic retention times were 0.5 and 1 day; solids retention time varied between 2 and 8 days. A NO 3 --N removal efficiency of 75-85% was obtained. A study by Gupta et al. [10] involved the growth of a mixed culture bacterial biofilm containing T. pantotropha in a rotating biological contactor (RBC) for the treatment of different strengths of a simulated domestic wastewater. High nitrification rates of 0.47-1.85 g N/m 2 /d were obtained for loading rates of 0.69-3.35 g N/m 2 /d despite concurrent high organic loading rates of 6.9-32 g COD g N/m 2 /d. The nitrogen removal was 18-72%. The system was able to achieve effluent standards for both organics and nitrogen under such high loading rates, which are conventionally used to design treatment facilities for only organics removal.
Step-feeding resulted in achieving the effluent at much higher loading rates. The biofilm showed better shock-loading characteristics than autotrophic biofilms used for nitrification.
Kshirsagar et al. [11] demonstrated the feasibility of combining nitrification and denitrification in a single aerobic reactor by inoculating activated nitrifying sludge with T. pantotropha. In another study by Kshirsagar [11] , two identical oxidation ditches were utilized to compare nitrogen removal from a simulated fertilizer industry wastewater using flocculated algal-bacterial systems with and without T. pantotropha. The wastewater had a TKN concentration of 790 mg/L. In the system with T. pantotropha, the TKN removal (nitrification) and nitrogen removal (denitrification) efficiencies were approximately 10 and 20% higher than the other system under similar operating conditions. This confirmed the importance of the heterotrophic nitrification and aerobic denitrification contributions of T. pantotropha.
Hung et al. [12] isolated a bacterium Alcaligenes faecalis strain No.4, which has heterotrophic nitrification and aerobic denitrification abilities, which was used to treat piggery wastewater containing high strength ammonium under aerobic conditions. In a continuous experiment using a solids-free wastewater (SFW) mixed with feces, almost all of the 2000 NH 4 + -N mg/L and 12,000 COD mg/L in the wastewater was removed and the ammonium removal rate was approximately 30mg N/L/h, which was 5-10 times higher than the rates achieved by other bacteria with the same abilities. Denitrification was more than 65% of NH 4 + -N, indicating that strain No. 4 exhibited its heterotrophic nitrification and aerobic denitrification abilities in this wastewater. Oguz [13] stated that in a batch and completely mixed reactor with activated sludge, 0.07 kg N/m 3 /day of nitrogen conversion and 56.7% removal rate were observed, producing almost equivalent amounts of N 2 and N 2 O. An experimental study was carried out on the aerobic denitrification in surface water treatment, and good results were achieved under high hydraulic loading, with nitrogen removal of 20%-30% [14] .
NOx Emissions
The burning of fossil fuels is a major source of atmospheric nitrogen oxides (NOx). Although low levels of nitrous oxide (N 2 O) are emitted, nitric oxide (NO) and nitrogen dioxide (NO 2 ) are the major NOx components released during combustion processes [15] . Emissions of NOx in China have undergone an almost exponential increase over the past decade. In the year 2004, NOx emissions from its electricity industry alone exceeded 6.65 million tons. If recent trends continue, NOx emissions could reach 7.13 million tons in 2010 [16] . Nitrogen oxides are hazardous pollutants which adversely affect human health; exposure to NO 2 at concentrations of 100 ppm or greater can result in respiratory distress or death. Nitrogen oxides are also detrimental to the environment. In the atmosphere, NO and NO 2 react with moisture in the air to form nitrous acid, which in turn, leads to the formation of acid rain. In addition, NOx contributes to stratospheric ozone depletion and global warming [17] [18] . Traditional controls, such as selective catalytic reduction and selective non-catalytic reduction, are used to limit power plant NOx emissions. Although this is an effective technique, both processes require high temperatures or the use of catalysts, creating high installation and maintenance costs. This cost is prohibitive for large-scale treatment of air containing low to moderate concentrations of NOx [19] . Biofiltration, a biological process, may offer an alternative technology to remediate emissions containing NOx.
Denitrifiers have the ability to reduce NOx under limited oxygen conditions. The reductive process occurs in the following simplified order [20] : NO 3
Thus denitrifying bacteria use toxic nitrogen oxides to produce environmentally benign nitrogen gas. Some attempts at this sequential reaction have been made, such as NOx removal by biofiltration under anaerobic conditions [20] [21] [22] , or by algae culture under light exposure [23] [24] . However, concentrations of up to 10% oxygen in flue gas inhibit the removal of NOx compounds by typical denitrifying bacteria [19] . Removal efficiency (RE) greater than 50% occurs in an oxygen-free environment, but was reduced to less than 20% when 2% oxygen was introduced into the gasstream [25] . Both anaerobic and light-exposed systems for the removal of NOx are extremely difficult to construct and operate outdoors. To overcome this problem, novel aerobic denitrifying bacteria are required that can be used to construct aerobic denitrifying processes. Patureau et al. [26] have shown that there was no specific natural ecological niche for aerobic denitrifiers but as soon as selective pressure, such as alternating aeration, was applied, this flexible nitrate-oxygen metabolism was amplified. Under specific conditions, aerobic denitrification does occur and might have evolved several times [27] . Okuno et al. [28] investigated the possibility of aerobic removal of NOx using a laboratory-scale biofilter packed with soil. This biofilter system will be applicable to the treatment of NOx gas emitted in tunnels or underground parking areas, by passing the gas through the packed soil. The removal efficiency of NO 2 by soil was almost 100%, and the removal efficiency of NO was 60% on average and 86% at maximum. However, the removal efficiency of NO in the sterilized soil was only 20%, suggesting that NO in soil was removed microbiologically under aerobic conditions. Chung and Huang [29] were successful in treating ammonia in air by an immobilized Nitrosomonas europaea biofilter with removal efficiencies greater than 97%. Du Plessis et al. [30] were successful in removing an NO concentration of 60 ppm at an EBRT of 3 min in an aerobic toluene treating reactor. Chou and Lin [31] demonstrated the suitability of a biotrickling filter for the removal of NO. Our group has been working in this area for long years. Jiang et al. [32] developed an effective biotrickling filter (BF) system to inoculate a newly isolated strain of Pseudomonas putida SB1 for the effective treatment of nitric oxide (NO) from a synthetic gas-stream. The SB1 showed a denitrifying capability of 95% nitrate removal rate over a 24 h period in an aerobic environment, with no nitrite accumulation. The BF system was able to consistently remove 82.9-94.2% NO when the inlet NO was 400 ppm in an enriched oxygen stream of 2-20%. The oxygen had no negative effect on the aerobic denitrifier SB1, but rather enhanced the total efficiency in part by chemical oxidation and in part by the activities of the strain. 79.3% of the total NO removal can be attributed to bio-denitrifying at 20% oxygen, and most chemical oxidation occurred concurrently. Overall, the study demonstrates that NO removal by an aerobic denitrifying process in BF is feasible for a flue gas. Figure.1 Possible pathway of NOx possible transformations in Aerobic Biofilter System [32] The mechanism of nitrogen loss can be imagined as absorption, where nitrification was the pretreatment for denitrification, whereby NO(g) was converted to NO 2 
Other applications
Aquaculture has been developing rapidly. Large quantities of waste water are produced in aquaculture and are often discharged into receiving waters with little or no treatment, with effects such as eutrophication and red tides. Ammonia is the most important contaminant in aquaculture waste water and it is difficult to remove from the water. Physical methods such as foam separation and filtration are popular. These methods can remove suspended particles effectively but cannot reduce the concentration of soluble matter, including ammonia. Yu et al. [33] isolated a bacterium, Bacillus W2, from fishpond which is highly effective in denitrification under aerobic conditions. It can eliminate 97 % of the nitrogen at dissolved oxygen of 2 mg/L. Even when the DO is as high as 5 mg/L, denitrification still occurs, with more than 85% of the nitrogen removed. Under aerobic conditions, when the bacterial concentration was 1000 A/mL, it still could bring highly effective denitrification into play in a natural water body at 1 mg/L nitrite.
In particular environments, aerobic denitrifiers may offer several potential advantages for removing toxic or refractory pollutants [34] . An aerobic, nitrate-respiring bacterium which can degrade phenol under aerobic conditions was isolated by Seung et al. [35] and identified as Alcaligenes sp. Under microaerobic culture, the maximum concentration for phenol degradation was 0.29 mM in the presence of nitrate and O 2 but only 0.16 mM in the presence of O 2 alone.
Rate-Limiting Parameters of Aerobic Denitrification
The rate-limiting parameters in aerobic denitrification include the dissolved oxygen concentration, the substrates C/N ratio, temperature and pH [36] [37] Among these parameters, dissolved oxygen concentration and organic carbon concentration are suggested as the two major factors affecting the denitrification reaction.
Carbon and nitrogen ratio(C/N)
Several studies have demonstrated that, within an optimal range, the higher the carbon concentration as an energy source, the faster the denitrification reaction of the aerobic denitrifier. Each aerobic denitrifier has an optimum C/N ratio.
An aerobic denitrifier was newly isolated from soil and its denitrification activity under different C/N ratios was investigated. The isolate was identified as Pseudomonas putida AD-21. Increasing the C/N ratio increased the nitrate removal rate. The optimal C/N ratio was 8 with a maximum nitrate removal rate of 255mg/L/h and a nitrate removal efficiency of 95.9% [38] .In a study by Joong et al. [39] , twenty-four Bacillus strains predominantly outgrown in a night soil treatment system were isolated and characterized. Maximum removal of NH 4 + -N and cell production by the isolates occurred with a C/N ratio of 8. Five dominant isolates were identified to be species of Bacillus cereus.
It is essential that the carbon can be successfully exploited in the denitrification pathway. Not only does the bacterium need a carbon source for its cell growth, but it also requires organic compounds as its energy source for denitrification. If the carbon source is limited, there is insufficient electron flow to provide energy for cell growth, and the denitrification rate may slow. However, when the supply of carbon is higher than the cells demand, the denitrification rate shows a very limited increase with a further increase in carbon.
Dissolved oxygen concentration (DO)
DO is another important factor that affects denitrification efficiency. Different enzymes and species in the denitrification pathway in aerobic denitrifiers respond to different concentrations of oxygen. Pseudomonas sp. has a maximum tolerance for dissolved oxygen concentration below 4 mg/L; nitrate reductase might not, however, be inhibited. In addition, nitrite reductase cannot complete the reduction reaction when the dissolved oxygen concentration is below 2 mg/L [40] . Huang et al. [37] found that C.diversus may tolerate a dissolved oxygen concentration up to 5 mg/L. The C. diversus strain in their study has a higher tolerance for dissolved oxygen than other aerobic denitrifiers. One explanation is that an insufficient dissolved oxygen concentration may cause the reduction rate of nitrate to generate a "resting" phenomenon, leading to a decrease in co-respiration. Second, as explained by Schulp and Stouthamer [41] .Some bacterial nitrate reductase may gradually be inactivated under aerobic conditions.
Prospects
Although the current research on aerobic denitrification has achieved a series of important results, there are still some shortcomings: (1) Most of the filtered aerobic denitrifying bacteria have low nitrogen removal efficiency.Generally, it has denitrification activity when the dissolved oxygen concentration is low.(2) At present, most of the research on aerobic denitrification is still in the laboratory stage, and the actual engineering application is less. Therefore, the future research focus can be appropriately placed on the screening and domestication of aerobic denitrifying bacteria, and modern molecular biology techniques can be used to construct efficient genetic engineering bacteria. At the same time, the mechanism of denitrification of aerobic denitrifying bacteria should be strengthened. In summary, the discovery of aerobic denitrification is a major complement to the traditional biological nitrogen removal theory, and the disclosure of its mechanism of action contributes to the development of new nitrogen removal technologies.
